Cell division associated 1 (CDCA1) was screened as an oncogene that is overexpressed on several cancers, including prostate cancer. A highly immunogenic HLA-A*2402-restricted epitope peptide corresponding to part of the CDCA1 protein was also identified. A phase I clinical trial was conducted for patients with castration resistant prostate cancer (CRPC) using a CDCA1 peptide vaccination. Twelve patients having HLA-A*2402 with CRPC after failure of docetaxel chemotherapy were enrolled. They received subcutaneous administration of the CDCA1 peptide as an emulsion with Montanide ISA51VG once a week in a doseescalation manner (doses of 1.0 or 3.0 mg/body, six patients received each dose). The primary endpoint was safety, and the secondary endpoints were the immunological and clinical responses. Vaccination with CDCA1 peptide was well tolerated without any serious adverse events. Peptide-specific cytotoxic T lymphocyte (CTL) responses using ELISPOT assay and dextramer assay were observed in three patients receiving the 1.0 mg dose and five patients receiving the 3.0 mg dose. The median overall survival time was 11.0 months and specific CTL reacting to CDCA1 peptide were recognized in long-surviving patients. CDCA1-derived peptide vaccine treatment was tolerable and might effectively induce peptidespecific CTLs for CRPC patients. This novel peptide vaccine therapy for CRPC appears promising. (ClinicalTrials.gov number, NCT01225471). P rostate cancer is the second most frequently diagnosed cancer worldwide and is the second leading cause of cancer deaths in men.
Cell division associated 1 (CDCA1) was screened as an oncogene that is overexpressed on several cancers, including prostate cancer. A highly immunogenic HLA-A*2402-restricted epitope peptide corresponding to part of the CDCA1 protein was also identified. A phase I clinical trial was conducted for patients with castration resistant prostate cancer (CRPC) using a CDCA1 peptide vaccination. Twelve patients having HLA-A*2402 with CRPC after failure of docetaxel chemotherapy were enrolled. They received subcutaneous administration of the CDCA1 peptide as an emulsion with Montanide ISA51VG once a week in a doseescalation manner (doses of 1.0 or 3.0 mg/body, six patients received each dose). The primary endpoint was safety, and the secondary endpoints were the immunological and clinical responses. Vaccination with CDCA1 peptide was well tolerated without any serious adverse events. Peptide-specific cytotoxic T lymphocyte (CTL) responses using ELISPOT assay and dextramer assay were observed in three patients receiving the 1.0 mg dose and five patients receiving the 3.0 mg dose. The median overall survival time was 11.0 months and specific CTL reacting to CDCA1 peptide were recognized in long-surviving patients. CDCA1-derived peptide vaccine treatment was tolerable and might effectively induce peptidespecific CTLs for CRPC patients. This novel peptide vaccine therapy for CRPC appears promising. (ClinicalTrials.gov number, NCT01225471). P rostate cancer is the second most frequently diagnosed cancer worldwide and is the second leading cause of cancer deaths in men.
(1) Approximately 5-10% of patients present with metastatic disease at initial diagnosis, and another 25% with localized or locally advanced prostate cancer will develop metastases during the course of their disease. A standard initial therapy for metastatic prostate cancer consists of androgen deprivation therapy. However, the disease becomes castrationresistant and can progress even at undetectable levels of testosterone. Therefore, this stage of the disease is termed castration-resistant prostate cancer (CRPC). Docetaxel has been approved as a first-line chemotherapy for metastatic prostate cancer because two independent phase III trials showed an increased survival benefit for patients treated with docetaxel compared with mitoxantrone. (2, 3) Since then, docetaxel has become the standard treatment for patients with metastatic CRPC. Recently, several new agents, abiraterone, (4) cabazitaxel (5) and enzalutamide, (6) have become available for the treatment of CRPC. However, these treatments caused severe adverse events, such as febrile neutropenia. Therefore, new treatments that provide durable disease control are still needed.
A greater understanding of basic immunologic principles and advances in immunologic and molecular techniques led to the development of therapeutic cancer vaccines for prostate cancer. Sipuleucel-T (Provenge) was the first cancer vaccine approved by the FDA for the treatment of CRPC in 2010. (7) Recently there has been remarkable progress in cancer immunotherapy using anti-CTLA4 antibody, anti-programmed death-1 (PD-1) antibody, and anti-programmed death-ligand 1 (PD-L1) antibody for several cancers including prostate cancer. However, a phase III trial using anti-CTLA4 antibody (ipilimumab) for CRPC patients showed no significant difference between the ipilimumab group and the placebo group in terms of overall survival in the primary analysis. (8) We previously performed a genome-wide expression profile analysis by cDNA microarray and identified cell division associated 1 (CDCA1), (9) which was also overexpressed in various cancers including prostate cancer. (10) Because the expression of CDCA1 was hardly detectable in normal organs, we considered CDCA1 a good candidate for the development of a cancer specific antigen. We screened and identified an HLA-A*2402-restricted epitope peptide, CDCA1-A24 [56] [57] [58] [59] [60] [61] [62] [63] [64] , that has a high antigenic activity to induce cytotoxic T lymphocytes (CTL). (11) We also identified several peptide epitopes derived from cancer-testis antigens or onco-fetal proteins, and these were investigated in translational studies targeting several types of human cancer. (12) (13) (14) (15) Here, we report the results of a Phase I clinical trial using the CDCA1-A24 56-64 peptide vaccination for patients with CRPC.
Materials and Methods
Peptide. The CDCA1-A24 56-64 peptide (VYGIRLEHF) previously reported (11) was manufactured to Good Manufacturing Practice (GMP) grade for the clinical trial by the American Peptide Company Inc. (Sunnyvale, CA, USA). Analysis showed a purity of >95%. An HLA-A*2402-restricted HIV-derived epitope peptide (RYLRDQQLL) was used as a negative control. (16) Study design. This clinical trial was an open label phase I clinical trial with a dose-escalation of the CDCA1 peptide for patients with CRPC. This study was approved by the Ethics Committee of Iwate Medical University and Oita University. The primary endpoint was the safety of peptide vaccination, and the secondary endpoints were immunological responses and clinical outcome. Immunological monitoring was performed at the central laboratory by enzyme-linked immunospot (ELI-SPOT) assay and dextramer assay using in vitro cultured lymphocytes derived from peripheral blood lymphocytes at pre-and post-vaccination periods. Clinical outcomes were assessed by changes in serum prostate specific antigen (PSA), and computed tomography (CT) or magnetic resonance imaging (MRI) if measurable lesions were present at baseline. This trial was registered with ClinicalTrials.gov (no. NCT01225471).
Patient eligibility. CRPC was defined as a serum testosterone level of less than 50 ng per deciliter (17 nmol/L) despite surgical or medical castration. Patients with CRPC were enrolled in this study from July, 2009 to November, 2011. The eligibility criteria were: (i) diagnosis of prostate cancer on the basis of histological examinations; (ii) HLA-A*2402 genotype as determined using commercially-available genomic DNA typing tests (SRL, Tokyo, Japan); (iii) age between 20 and 85 years, and an Eastern Cooperative Oncology Group performance status (PS) of 0-2; (iv) no expectation of response to other therapies such as radiation; (v) no prior therapy within 4 weeks; (vi) adequate hepatic, renal, and bone marrow function (white blood cell counts ≥2000/L, platelets ≥70 000/L, aspartate aminotransferase ≤100 IU/L, alanine aminotransferase ≤100 IU/L, total bilirubin ≤1.5 g/dL, and serum creatinine ≤1.5 mg/dL). The exclusion criteria were: (i) active infection, other active malignancy; (ii) pregnancy or lactation; and (iii) treatment with immunosuppressive agents (e.g., steroids). All patients were informed of the investigational nature of the study and signed informed consent in accordance with each institutional review board.
Treatment protocol. A skin test was performed before the first vaccination by intradermal injection of 10 lg of the peptide to avoid the risk of acute hypersensitivity. A positive skin reaction was defined as >30 mm diameter of erythema and induration compared with the negative control using saline. CDCA1-A24 56-64 peptide was administered in liquid form, emulsified in 1 mL incomplete Freund's adjuvant (IFA; Montanide ISA51VG, Seppic, Paris, France), and injected at the axilla or inguinal regions. The vaccination was given subcutaneously once a week, and at 4 weeks as one cycle. After a 1-week interval, the next cycle was performed and continued until the judgment of progressive disease (PD) or doctor's assessment. We planned the administration of two incremental doses of peptide (1.0 and 3.0 mg/body) and enrolled six patients for each dose.
Clinical monitoring and toxicity assessment. Baseline studies gained data by physical examination, blood examination including PSA and image analysis. Decreased PSA levels of ≥50% were defined as partial responses (PR) and confirmed by two separate measurements ≥4 weeks apart. Decreases of less than 50% or increases of less than 25% from the baseline were interpreted as stable disease (SD). (17) For measurable lesions, Response Evaluation Criteria in Solid Tumors (RECIST) was used. Image analysis was performed every one to three cycles, and once every 3 months after three cycles. PD was defined as radiological progression, or if defined using PSA level alone, three consecutive increases in PSA level and 125% of the baseline PSA value. Overall survival (OS) was estimated from the date of the initial vaccination to the date of death. All patients were followed up until cancer death, intolerance, or patient withdrawal of consent. Toxicity assessments were performed at least once a week using National Cancer Institute Common Terminology Criteria for Adverse Events version 3.0 (NCI-CTCAE v3.0). Dose-limiting toxicity was defined as a hematological toxicity of grade 4 or greater, and non-hematologic toxicity of grade 3 or greater. Reaction at the injection sites (RAI) was defined by erythema and/or induration at the injection site of the vaccine. Clinical and laboratory assessments were checked at each visit.
Analysis of immunological responses. IFN-c ELISPOT kit and AEC substrate set (BD Pharmingen, San Diego, CA, USA) were used to measure CTL responses throughout the clinical study as previously reported. Peripheral blood mononuclear cells (PBMCs) were obtained from patients and immediately frozen before vaccination and at the end of each course. Frozen PBMCs were thawed and used for in vitro sensitization. In brief, PBMCs were cultured in 1 mL of complete media (prepared with a mix of AIM-V and RPMI media, 50:50) containing 10% fetal bovine serum in a 48-well plate with 10 lg/mL of CDCA1-A24 56-64 peptide and 120 IU/mL of IL-2 at 37°C under conditions of 5% CO 2 for 2 weeks. At day 7, half of the medium was removed from each well and 500 lL of fresh medium containing the epitope peptide was added for sensitization. After a 2-week incubation, CD4-positive cells were removed using the Dynal CD4 positive isolation kit (Invitrogen, Carlsbad, CA, USA), and harvested cells were co-cultured with peptide-pulsed TISI cells (2 9 10 4 cells per well) at 37°C for 20 h. ELISPOT assay was performed in triplicate. CDCA1-A24 56-64 -specific CTL responses were defined according to the evaluation tree algorithm. (18) In vitro cultured T cells were subjected to the dextramer assay to confirm peptide-specificity. HLA-A24/CDCA1-peptide dextramer (Immudex) staining in combination with anti-CD8, -CD4 and -CD3 mAbs were performed and analyzed by flow cytometry. HLA-A24/HIV-peptide (RYLRDQQLL) dextramer (Immudex) was used as a negative control. CTL and dextramer assays were performed using PBMCs which were collected before the vaccination and after each single course of the vaccination.
Statistical analysis. Overall survival was analyzed by the Kaplan-Meier method, and the statistical differences were analyzed by the log-rank method. All the statistical analyses were performed using JMP Version 10.0.0 software (SAS Institute Inc., Cary, NC, USA). Statistical significance was defined by a value of P < 0.05.
Results
Patient characteristics. Table 1 shows the patient characteristics. Six patients were administered each dose (1.0 or 3.0 mg/ body) and 12 patients were enrolled in this trial. The median age was 75.5 years (range: 51-84 years). The performance status was 0 in 3 patients, 1 in 3 patients and 2 in 6 patients. The median PSA was 52.2 ng/mL (range: 8.2-5260 ng/mL) and the median Gleason score was 8. Most patients had multiple bone metastases and lymph node metastases. All patients had received docetaxel that was repeated every 3-4 weeks in combination with oral prednisone. The median cycle of docetaxel was 6 (range: 4-12) and showed resistance to treatment.
Toxicity. The numbers of vaccinations for each patient were 6 to 68. There were no grade 4 toxicities and no treatmentrelated deaths. The overall toxicities are shown in Table 2 . The most frequent adverse events (AEs) were dermatological reactions at injection sites (n = 8). Two of 6 patients (33.3%) developed erythema and/or induration at a dose of 1.0 mg, and 5 of 6 patients (83.3%) developed a skin reaction at a dose of 3.0 mg. Dose-limiting toxicity and dose-specific AEs were not seen. Severe AEs assessed as grade 3 were anemia and hypoalbuminemia. The patient (No. 5) who was occurred severe AEs had multiple organ metastases and rapidly progressing disease during vaccination. According to the independent safety evaluation committee in this trial, these severe AEs were not directly associated with the vaccinations, but rather with cancer progression. These results suggest that CDCA1 peptide vaccine therapy was well tolerated for CRPC patients.
Immunological responses. In vitro cultured T cells were subjected to ELISPOT and dextramer assays. Representative ELI-SPOT and dextramer assays specific to the CDCA1 peptide are shown in Figure 1 . The ELISPOT assay indicated a substantial number of T cell responses were specific to the CDCA1 peptide compared with the irrelevant peptide. This CDCA1-specific T cell response was further confirmed by the CDCA1-dextramer assay with the value of dextramer (+) CD8(+) cells among CD3 (+) CD4(-) cells. CDCA1 peptide-specific strong CTL responses were seen in 3 (50.0%) of 6 patients receiving the 1.0 mg dose, and 5 (83.3%) of 6 patients receiving the 3 mg dose after two or three courses of vaccination (Table 3) . Strong CTL responses were observed in 8 (66.7%) of 12 patients, and these patients also had peptide-specific CTLs by dextramer assay.
Clinical responses. All patients received four or more vaccinations (at least one cycle). Only one patient (8.3%) showed a PSA decrease greater than 50%. This patient (No. 10) had slight bone metastasis with a PS of 0. His PSA value gradually decreased and he showed PR after four cycles. Of the patients with measurable lesions, four patients (33.3%) achieved SD after three courses of vaccination and four patients (33.3%) revealed PD after less than three cycles according to RECIST criteria (Table 3) . No objective responses were observed in this study. All 12 patients were analyzed for OS with a median follow-up of 10.9 months. At the time of analysis, seven deaths had occurred. The Kaplan-Meier curve for OS is shown in Figure 2 . The median OS for all patients was 11.0 months. When the OS was compared between the CTL strong response and negative/weak response groups, patients with a strong CTL response exhibited a significantly longer OS than the negative/ weak CTL response group (OS; not reached versus 4.6 months, P = 0.0040). These observations indicate that the strong immunological response induced by the CDCA1 peptide vaccination contributed to an improved prognosis of CRPC patients.
Discussion
In general, the ideal target molecules for the development of cancer vaccines have high immunogenicity, are specifically expressed in cancer cells with a high frequency among patients, and are essential molecules for cell survival (to avoid escape from immune cells by loss of antigen expression). (1, 19, 20) In this regard, the CDCA1 molecule used in the present trial is considered appropriate because it is expressed in the majority of prostate cancers and specifically in cancer cells and testis (cancer-testis antigens), is essential for the survival of cancer cells, and most importantly showed very strong immunogenicity. We did not observe severe hematological or non-hematological adverse events related to the CDCA1-A24 56-64 peptide vaccine treatment with dose escalation in this trial. Although grade 3 AE with anemia and hypoalbuminemia were shown, these AEs were considered associated with cancer progression. Specific adverse events caused by this vaccine treatment were only RAI, but this event is tolerable during vaccination. Because no dose-limiting toxicities were observed, this protocol is considered very safe and well tolerated for advanced CRPC patients.
The strong specific CTL responses against CDCA1 peptide by ELISPOT assay were observed in 3 (50.0%) of 6 patients receiving the 1.0 mg dose and 5 (83.3%) of 6 patients receiving the 3.0 mg. Therefore, we assume the optimal dose of the peptide is 3.0 mg for further clinical trials. Patients who showed a strong peptide-specific CTL response had long survival, but those with no or weak immune responses developed rapid disease progression. Although treatment with cancer vaccines increased circulating tumor antigen-specific T cells, (21) we demonstrated direct evidence of a positive correlation between the extent of peptidespecific CTL responses and a better OS. Therefore, our present study supports the concept that vaccination-induced immune responses contribute to the improvement of prognosis of CRPC patients. However, the log-rank test is generally not suitable for subgroup parameters of time-related variable values, such as immune response to the vaccination. Cox hazard analysis is more suitable, but the number of patients in this study was too small. A detailed statistical analysis using many cases is necessary in a future study. The skin reactions following vaccination were suggested to be associated with clinical outcome in some vaccine therapies. (12, 22) We observed RAI correlated with strong CTL responses in this study. This suggests that RAI might be a surrogate marker to predict CTL responses for this protocol, although the biological significance and specificity for RAI are unclear. Further studies are required because the number of subjects in our study was too small to confirm an association between the development of RAI and clinical efficacy. We also performed immunohistochemical analysis as immune regulatory molecules using cancer tissues of some patients who were enrolled in this study (Table S1 and Fig. S1 ). However, the association between expression of immune molecules and effect of peptide vaccine therapy was unclear. The comprehensive expression analysis using many immunocompetent molecules as cancer specific antigen, HLA-class I, innate or acquired immune molecules, and immune regulatory molecules would be required for a biomarker research of the cancer vaccine therapy.
Recently, several new treatments have been approved for metastatic CRPC after progression with docetaxel chemotherapy, each of which extended overall survival. (5, 6, 23, 24) However, new treatments that provide durable disease control are still needed. In this study, the median OS time was 11.0 months although a reduction effect on the tumor was not seen. Noguchi et al. reported a median OS time of 14.8 months using a personalized peptide vaccine for docetaxel-based chemotherapy-resistant CRPC patients. (25) In our study, many patients had worse general conditions with a PS of 2 and a high PSA value. Recently, it was reported that patients with early-stage CRPC that were PS 0 or 1 and PSA < 10 ng/mL may receive more preferable clinical benefits using peptide vaccine treatment. (26) Cancer immunotherapies elicit antitumor effects by inducing or enhancing a patient's immune responses. These effects can be delayed and may manifest as a gradual reduction in tumor growth, resulting in prolonged OS, which is not often accompanied with objective short-term tumor responses. We considered that a further trial with early-stage CRPC patients based on OS as the primary endpoint of efficacy should be initiated in the future. The PSA response following cancer vaccine therapy for CRPC was generally low. Only a few studies have reported a decrease in PSA ≥50% in a small number of patients. The lack of PSA response with vaccine-based therapies makes quantifying the clinical benefit of cancer vaccines especially difficult. In a phase 3 study with Sipuleucel-T using a dendritic cell-based cancer vaccine therapy for metastatic CRPC, the PSA response rate was only 2.6%. (7) In our study, only one patient showed a gradual decline in PSA. We consider that survival advantage is the true effect of the vaccine treatment for CRPC patients even if PSA decline and tumor cell destruction are not observed.
More recently, immune checkpoint blockade by anti-PD-1/ PD-L1 or anti-CTLA-4 antibodies is considered one of the most promising methods to treat advanced cancer patients. For this type of treatment, the presence of CTLs recognizing a cancer-specific antigen with an HLA class I molecule on cancer cells is now suggested as a critical predictor to better clinical outcome. Particularly, CTLs recognizing neoantigens generated by somatic mutations in cancer cells are considered strong inducers for CTLs in cancer tissues. (27, 28) CTLs specifically recognizing an oncoantigen-derived peptide such as CDCA1, which are broadly expressed on cancer cells but not in normal cells, may also contribute to the clinical outcome of immune checkpoint blockade therapies. Currently, although neoantigens are certainly more cancer-specific than tumor antigen-derived peptides, we still do not know which induces a higher level of anti-tumor immune responses in cancer patients. In addition, it is also certain that HLA-restricted cancer peptide vaccines derived from oncoantigens can be more widely applicable to a larger subset of cancer patients than individualized neoantigens. We suspect that a combination of immune checkpoint blockade with CTL-inducing active immunotherapy with neoantigens or oncoantigens could enhance the clinical benefit.
In conclusion, CDCA1-peptide vaccine therapy was well tolerated without severe adverse events, and it effectively induced peptide-specific CTLs. This vaccine therapy might also provide clinical benefit by extending survival and maintaining the QOL of CRPC patients. In future, a randomized, controlled clinical trial will be essential to demonstrate the clinical benefits.
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